S protein, a plasma glycoprotein with Mr 78000, has been shown to interfere with the heparin-catalysed inhibition of thrombin by antithrombin III. This interaction was further evaluated in the present study. Native human blood was replaced by either radiolabelled antithrombin III or radiolabelled prothrombin in the reaction mixture, which was incubated at 37 'C. At various time intervals the serum formed from the incubated blood was withdrawn and analysed by crossed immunoelectrophoresis against anti-(S protein) serum in the second dimension. Increasing quantities of radioactivity originating both from antithrombin III and from thrombin were precipitated in a cathodal shoulder to the S protein peak. This observation indicated the formation of a ternary S protein-thrombin-antithrombin III (STAT) complex in serum. This complex could also be observed by the same technique after incubation of purified thrombin in the presence of antithrombin III and S protein. Complex-formation was independent of the presence of heparin and did not require Ca2+ ions. Owing to the association of S protein with the thrombin-antithrombin III (TAT) complex, the STAT complex assembled in vitro exhibited a higher Mr than the TAT complex as judged by polyacrylamide-gradient-gel electrophoresis in the absence of SDS. Both the serum-originated STAT complex and the STAT complex assembled from purified components sedimented faster than the single components and showed comparable apparent sedimentation coefficients in the range 11-14 S, corresponding to a mean Mr of 350000. The STAT complex could be detected in serum at a dilution of 1:3200 by a sensitive immuno-radiometric assay employing affinity-purified IgG against S protein. These results indicate that S protein, in addition to its role as a heparin-neutralizing factor, becomes incorporated into the nascent TAT complex or can bind to preformed TAT complex during the clotting process.
INTRODUCTION
The plasma proteinase inhibitor antithrombin III inhibits a number of serine proteinases of the coagulation cascade and thereby plays a significant role in the regulation of the haemostatic process (for review see Rosenberg, 1978) . Studies conducted with purified proteinase inhibitors provided evidence that antithrombin III is the most effective inhibitor of thrombin in blood (Dowing et al., 1978) . The inhibition of thrombin is due to formation of a covalent equimolar enzyme-inhibitor complex, which exhibits an Mr of 90000 under denaturing conditions (Rosenberg & Damus, 1973) . Enzyme and inhibitor are linked by an ester bond (Owen et al., 1976) , and complex-formation is accompanied by the cleavage at an arginine-serine bond in the antithrombin III molecule (Longas & Finlay, 1980) . The thrombin-antithrombin III (TAT) complex contains antigenic structures not present in the parent molecules (Collen & De Cock, 1978) , allowing quantification of the complex in plasma (Collen et al., 1977) . The low rate at which antithrombin III normally inhibits thrombin is accelerated several-fold by the interaction with heparin (Rosenberg, 1977) or heparin-like structures present at the vessel wall surface (Marcum & Rosenberg, 1984) . Heparin induces a conformational change in the inhibitor molecule (Rosenberg & Damus, 1973; Villanueva & Danishefsky, 1977; Nordenman et al., 1978) , leading to fast inactivation of thrombin. The heparin-template model for formation of the ternary complex has been shown to fit the kinetic data with respect to heparin-thrombin and heparin-antithrombin III interactions (Griffith, 1982) .
The accelerating effect of heparin-like compounds in the initial phase of the inhibition reaction is restricted by the action of neutralizing proteins. Besides albumin, fibrinogen, fibronectin and lipoprotein lipase, platelet factor 4 and histidine-rich glycoprotein have been idenltified as major heparin-neutralizing proteins (Jordan et al., 1982; Lijnen et al., 1983) . Both the last-mentioned proteins neutralize the anticoagulant activity of heparin by interaction with multiple binding sites on the polysaccharide (Lane et al., 1986) . In addition, S protein has been described by our laboratory to possess heparin-neutralizing activity by protecting thrombin against fast inactivation by antithrombin III-heparin (Preissner et al., 1985) . The heparin-counteracting activity of S protein, which is mainly expressed in the range 0.01-0.1 i.u. of heparin/ml, results in the delay of the fast formation of the covalent complex between enzyme and inhibitor in the initial phase of the inhibition reaction. The interference of S protein in this reaction also leads to an interaction of S protein with the TAT complex, as has been documented by immunoelectrophoresis (Podack & Muller-Eberhard, 1979; Preissner & Muller-Berghaus, 1986 ).
Vol. 243 K. T. Preissner, L. Zwicker and G. Miiller-Berghaus Recently S protein has been demonstrated to be immunologically related to the adhesive protein vitronectin and to promote attachment and spreading of human fibroblasts . The amino acid sequence of S protein deduced from the cDNA (Jenne & Stanley, 1985) was shown to be identical with that of vitronectin (Suzuki et al., 1985) . An association of vitronectin with the TAT complex in serum has been demonstrated by the use of blotting techniques (Ill & Ruoslahti, 1985) .
In the present investigation we obtained evidence that S protein becomes incorporated into a ternary complex with thrombin and antithrombin III during blood coagulation and that the occurrence of high-Mr complexes of TAT in serum is partly due to the formation of this ternary complex.
EXPERIMENTAL Materials
Bio-Rad protein assay kit and reagents for electrophoresis were obtained from Bio-Rad Laboratories, Munich, West Germany. Analytical-grade sucrose was from Serva, Heidelberg, West Germany. The flexible polyester film Gelbond and agarose were products of Marine Colloids, Rockland, ME, U.S.A. Na1251 (carrierfree) was obtained from New England Nuclear, Dreieich, West Germany. Heparin (sodium salt) from pig intestinal mucosa, bovine serum albumin, human serum albumin, di-isopropyl phosphorofluoridate and Tween 20 were purchased from Sigma Chemical Co., Munich, West Germany. Polystyrene micro-titre plates (Immunoplate I F) were obtained from Nunc, Wiesbaden, West Germany. All other chemicals used were analytical grade.
Human S protein was isolated as previously described (Preissner et al., 1985) . Established procedures were used to generate and purify human a-thrombin (EC 3.4.21.5) (Morita & Iwanaga, 1981; Lundblad et al., 1975) and to isolate antithrombin III (Miller-Andersson et al., 1974) in a modified version (Preissner et al., 1985) . Thrombin had a fibrinogen-clotting activity between 2200 and 2500 N.I.H. units/mg when determined by the method of Fenton & Fasco (1974) . All proteins were homogeneous as judged by SDS/polyacrylamide-slab-gel electrophoresis in 10% gels with the buffer system of Laemmli (1970) . The isolated proteins were quantified spectrophotometrically by using the following values for Al/m at 280 nm: S protein, 9.0 (Preissner et al., 1985) ; antithrombin III, 6.5 (Nordenman et al., 1977) ; thrombin, 18.3 (Fenton et al., 1977 (Fraker & Speck, 1978) to reach specific radioactivities of 0.5-2 #sCi/pg of protein. Functional properties of the proteins were not affected by the labelling procedure. Complex-formation between S protein, thrombin and antithrombin m Ultracentrifugational analysis. A 5 jug portion of thrombin was incubated with 10 ,g of radiolabelled antithrombin III and 30,g of S protein at 37°C for 20 min. In addition, 300,1 portions of freshly drawn blood supplemented with 1 1tCi of 1251-antithrombin III/ml in the absence or in the presence of 10 mM-EDTA were incubated at 37°C for 2 h. After the addition of 2 mM-di-isopropyl phosphorofluoridate, all samples were centrifuged on linear 10-35% (w/v) sucrose density gradients in 20 mM-Tris/HCl buffer, pH 7.4, containing 150 mM-NaCl and 5 mM-EDTA. Ultracentrifugation was carried out at 40000 rev./min in an SW 60 rotor (Beckman Instruments, Fullerton, CA, U.S.A.) for 16 h at 4 'C. After centrifugation, the gradients were fractionated from the bottom of the tubes, and the fractions were analysed for radioactivity. Sedimentation coefficients were approximated by using antithrombin III (3.9 S), IgG (7 S), catalase (12 S) and IgM (19 S) as standards (O'Brien et al., 1978) and are not corrected for temperature and density of the medium.
Electrophoretic and immunochemical methods. Samples (500 ll) of native whole blood were directly withdrawn into plastic tubes containing 0.5 ,sCi of 125I-antithrombin III or 0.5 ,Ci of 1251-prothrombin. The clotting process was stopped after 3 min, 15 min and 120 min by the addition of di-isopropyl phosphorofluoridate (final concentration 2 mM). The control sample contained 10 mM-EDTA and was kept at 37 'C for 120 min. After centrifugation, 15 ,1 of each supernatant was subjected to crossed immunoelectrophoresis, which was performed by the procedure of Ganrot (1972) on the flexible polyester film Gelbond with 1% (w/v) agarose gel at pH 8.6 in 38 mM-Tris/0.I M-glycine/2 mM-EDTA. Samples from one experiment were simultaneously run in the first dimension at 5 V/cm for 3 h. The agarose gel in the second dimension contained 4% (v/v) rabbit anti-(human S protein) IgG, and electrophoresis was carried out at 1.5 V/cm for 16 h. After the films had been washed, dried and stained, the distribution of radiolabel was detected by autoradiography.
A similar experiment was performed with purified components: S protein (0.4 mg/ml) was incubated with antithrombin III (0.2 mg/ml) and thrombin (0.04 mg/ml) in the absence and in the presence of 5 i.u. of heparin/ml for 15 min at 37 'C in 20 mM-Tris/HCl buffer, pH 7.4, containing 150 mM-NaCl. The samples, in addition, contained either radiolabelled antithrombin III or radiolabelled thrombin. Analysis by crossed immunoelectrophoresis was performed in the absence or in the presence of 50 i.u. of heparin/ml in the first dimension. Additional experimental steps were identical with the procedure described above.
Complex-formation was also analysed by polyacrylamide-slab-gel electrophoresis in the absence of SDS. The stock solutions of the gradient gel were 2.5% (w/v) and 12.5% (w/v) in acrylamide with an acrylamide/ bisacrylamide ratio of 30:0.8, and they contained respectively 2.5% (w/v) and 16% (w/v) sucrose in 106 S protein-thrombin-antithrombin III complex 90 mM-Tris/80 mM-boric acid/5 mM-EDTA, pH 8.35. For sample preparation, 5 ,ug of thrombin was incubated with 10 ,ig of radiolabelled antithrombin III at 37°C for 20 min in the absence or in the presence of 30 ,ug of S protein in a total volume of 30 ,ul of 20 mM-Tris/HCl buffer, pH 7.4, containing 150 mM-NaCl. Similarly, incubation of thrombin and antithrombin III was carried out in the presence of 15 ,ug or 30 ,ug of radiolabelled S protein. Samples were subjected to polyacrylamide-gradient-slab-gel electrophoresis at 120 mV/gel for 18 h at 6-8 'C. After the gels had been fixed, stained and dried, the distribution of radiolabel was detected by autoradiography.
Fused rocket immunoelectrophoresis of 20 ,ul sucrosegradient fraction was performed in accordance with Svendsen (1973) in 10% agarose gel in the same buffer as used for crossed immunoelectrophoresis with 2% (v/v) rabbit anti-(human S protein) IgG in the antibodycontaining gel. After the films had been washed, dried and stained, the distribution of radiolabel was detected by autoradiography. Detection of S protein-thrombin-antithrombin III (STAT) complex by an immuno-radiometric assay Micro-titration plates were coated with 50 ,1 portions of affinity-purified anti-(human thrombin) IgG (7 ,ug/ml) at 37°C for 3 h in phosphate-buffered saline (8 mMsodium phosphate buffer, pH 7.4, containing 150 mM-NaCl and 0.020% NaN3). The wells were washed three times with phosphate-buffered saline containing 0.10% Tween 20 and incubated at 22°C for 1 h with 200 ,cl of 300 (w/v) bovine serum albumin dissolved in phosphate-buffered saline. After repetition of the washing procedure the wells were incubated at 22°C for 2 h with 50 #1 portions of serial dilutions of human EDTA/plasma or serum in phosphate-buffered saline containing 0. 1% human serum albumin. After the washing procedure, the wells were incubated with 50 ,ul of radiolabelled affinity-purified anti-(human S protein) IgG (8 ,Ci/ml) at 22°C for 3 h. After an additional washing step, the wells were counted for radioactivity. Duplicate measurements were performed, and data were corrected for the non-specific antibody binding that was observed in those wells that contained buffer only. In parallel, serial dilutions of purified S protein were employed and assayed by the same procedure.
RESULTS

Formation of STAT complex
The formation of ternary complex consisting of S protein, thrombin and antithrombin III in clotting blood was demonstrated by crossed immunoelectrophoresis in a time-course reaction (Fig. 1 ). Blood not exposed to anticoagulant was supplemented with either radiolabelled prothrombin (Fig. la) (Fig. 1, parts 1) .
In a purified system, the three components thrombin, antithrombin III and S protein were incubated in molar proportions 1: 3: 5 either in the presence or in the absence of heparin. Subsequent formation of the ternary complex was documented by crossed immunoelectrophoresis (Fig. 2) Formation of the ternary complex in serum or in an isolated system with thrombin, antithrombin III and S protein was further analysed by ultracentrifugation in linear sucrose density gradients (Fig. 3) . In this series of experiments radiolabelled antithrombin III was used as a marker. Whereas antithrombin III in EDTA/plasma sedimented as a symmetrical peak at a position of 3.9 S, a faster-migrating shoulder was apparent in serum. When purified components were used for complexformation, two distinct peaks became separated during ultracentrifugation: the slower-migrating peak corresponded to antithrombin III in plasma, whereas the faster-migrating peak was found in the same range as the shoulder of the antithrombin III peak in serum. In order to verify complex-formation, the gradient fractions were analysed by fused rocket immunoelectrophoresis against anti-(S protein) IgG. No radioactivity representing antithrombin III was precipitated by the antibody in the EDTA/plasma sample. In serum and in the purified system, however, complex-formation was confirmed by the appearance of radiolabelled immunoprecipitates (Fig. 3a, parts B and C, arrows). In both gradients the ternary complex appeared at corresponding positions with sedimentation coefficients of 11-14 S, well separated from the majority of plasma proteins or uncomplexed components.
The high-Mr nature of the ternary complex consisting of S protein, thrombin and antithrombin III (STAT) was further approached by using polyacrylamide-gradient-gel electrophoresis in the absence of SDS (Fig. 4) . The use of a polyacrylamide-gradient gel allowed the separation of proteins or complexes of proteins according to their apparent size. Charge differences were mostly abolished by using a pH of 8.35 in the buffer system. Relative to the positions of radiolabelled antithrombin III (Fig. 4 , lane a) and S protein (Fig. 4, lane b) , reaction of thrombin with 125I-antithrombin III alone (Fig. 4, lane c) facilitated the formation of the major broad band(s) representing the thrombin-antithrombin III (TAT) complex. This band migrated more slowly into the gradient gel than did antithrombin III alone. Incubation of thrombin with 1251-antithrombin III in the presence of S protein, however, resulted in the appearance of even slower-migrating bands (Fig. 4, lane d) . When S protein instead of antithrombin III contained the radiolabel, a complex with identical mobility and band pattern was detectable (Fig. 4, lanes e and f) . Quantification of the STAT complex in serum by an immuno-radiometric assay In an immuno-radiometric assay anti-(human thrombin) IgG fixed to the micro-titre plate was applied to recognize the STAT complex in serum. A radiolabelled affinity-purified antibody against S protein was subsequently employed to quantify bound STAT complex in serial dilutions of serum. A typical result of STAT detection by the immuno-radiometric assay is depicted in Fig. 5 (Fig. 5, 0 (Kolb & Muller-Eberhard, 1975; Podack et al., 1984) and has been shown to be identical with vitronectin . As a unique multifunctional protein it thereby serves as an adhesive protein and spreading factor (Barnes & Silnutzer, 1983; Hayman et al., 1983) and heparinneutralizing protein (Preissner & Muller-Berghaus, 1986 ). The present investigation provides evidence for the additional role of S protein as component in a ternary complex together with thrombin and antithrombin III (STAT complex). This complex was formed during the clotting process in blood and was detectable by immunoelectrophoretic techniques as well as a sensitive immuno-radiometric assay in serum. Consequently, whenever inhibition of thrombin by antithrombin III occurs during blood coagulation, the occurrence of this ternary complex will have to be taken into consideration.
Complex-formation was independent of the presence of Ca2+ or heparin, and the complex appeared to be heterogeneous with respect to molecular size and exhibits a mean sedimentation coefficient (s) of 12.5 S. By employing the sedimentation coefficient of 4.6 S for isolated S protein, a mean apparent Mr of 350000 is calculated according to: f) were electrophoresed on the same gel for 18 h at 6-8 'C. The anode is at the bottom. Autoradiographs of the gels are shown. (Martin & Ames, 1961) , suggesting an equimolar distribution of components within the complex in the molar proportions 2:2:2. Polyacrylamide-gradient-gel electrophoresis of the STAT complex in comparison with the TAT complex revealed an increase in Mr to about 200000-400000, due to the association of S protein with TAT. Since S protein contains a free thiol group (Dahlbiick & Podack, 1985; Preissner et al., 1985) , the appearance of two high-Mr bands (Fig. 4) (Binder, 1973; Pepper et al., 1977; Marciniak & Gora-Maslak, 1983 between S protein and the TAT complex was evident (Preissner & Miiller-Berghaus, 1986) , it is suggested that S protein may bind to both, nascent as well as pre-formed TAT complex. However, the mechanism of interaction of thrombin, antithrombin III and S protein within the STAT complex remains unclear.
Since S protein participates in the inhibition reaction of thrombin by antithrombin III, S protein has become an integral component in the regulation of the activity of the enzyme in the circulation. This has already been documented for the initial phase of the heparin-catalysed inhibition of thrombin by antithrombin III, in which S protein protects the enzyme against fast inactivation (Preissner et al., 1985; Preissner & Miiller-Berghaus, 1986 ). In addition, the association of S protein with the TAT complex in the terminal stage of the inhibition reaction will endow the ternary STAT complex with yet unrecognized properties. Owing to the cell-attachment site in S protein (Suzuki et al., 1984) , binding of STAT complex to cell surfaces will be promoted, and thus a rapid disappearance of the complex from the bloodstream may be expected. The reported rapid clearance rate of exogenously administered TAT complex from the circulation in animals (Shifman & Pizzo, 1982) Polyacrylamide-grad 110 elucidate the interaction of these cells with the 'true' ligand in vivo, the STAT complex. Yet another consequence for the terminal stage of coagulation in vivo appears to be the association of adhesive properties of S protein with mitogenic properties of thrombin (Chen & Buchanan, 1975) within the STAT complex, facilitating increased cell attachment and subsequent cell growth at the site of cell injury. As S protein fulfils an additional role as inhibitor of the terminal assembly for the membrane-attack complex of complement by preventing lysis of innocent bystander cells (McLeod et al., 1974) , complement activation of serum will result in the formation of the hydrophilic macromolecular SC5b-9 complex (Kolb & MullerEberhard, 1975) , in which S protein is associated with the terminal complement components. Since in serum a fraction of S protein is bound within the ternary STAT complex, one may expect that subsequent complement activation of serum will lead to the incorporation of free as well as TAT-associated S protein within the SC5b-9 complex. This conclusion may explain the finding that antithrombin III is indeed associated with SC5b-9 in complement-activated serum (Kolb & Kolb, 1983) ; however, the mechanism of formation of the SC5b-9 complex in vivo remains to be established. This work was supported by the Stiftung Volkswagenwerk (Hannover, West Germany).
